Hepatocyte growth factor (HGF) induces the breakdown of cell junction and the dispersion of colonies of epithelial cells, providing a model system for the investigation of the molecular mechanisms of one of the important aspects of tumorogenesis. We have previously reported that the SH2-domain-containing inositol 5'phosphatase (SHIP)-1 binds to c-Met, and potentiated HGF-mediated branching tubulogenesis. In this study, we describe the establishment of MDCK cell lines which express MycHis-tagged SHIP-1 at dierent levels. Expression of SHIP-1 in MDCK cells at a high level resulted in cell morphology characteristic of an epithelial-mesenchymal like transition; cells lost cortical actin, developed actin stress ®bers and gained spontaneous motility without treatment of HGF. When the level of MycHis-tagged SHIP-expression was relatively low, transfectants partially lost cortical actin and phalloidin stained puncta appeared at cell ± cell junctions even in the absence of HGF. The treatment of MAP kinase inhibitor, PD98059, did not in¯uence SHIP-1 mediated alteration of adherens-junction of MDCK cells, while, phosphatidylinositol 3 (PI 3)-kinase inhibitor, LY294002, drastically reduced SHIP-1 mediated phenotype. Furthermore, expression of a mutant SHIP-1 lacking catalytic activity in MDCK cells did not alter the cortical actin distribution and HGF-mediated MAP and Akt kinasephosphorylation, but suppressed HGF induced cell dispersion, suggesting that phosphatase activity is important for cytoskeleton rearrangement and cell dispersion.
Introduction
Epithelial cell dispersion is a complex process that requires the breakdown of cell ± cell junction and remodeling of the actin cytoskeleton and cell adhesion complexes. As a model to gain understanding of the molecular events that lead to epithelial-mesenchymal transition, hepatocyte growth factor (HGF/SF) and its receptor, Met tyrosine kinase, is one of the predominant systems described to date (Bottaro et al., 1991; Naldini et al., 1991) .
Met tyrosine kinase was reported to interact with several substrates including the growth factor receptor bound protein 2 (Grb2), phospholipase C-g (PLCg), cSrc (Ponzetto et al., 1994) , STAT3 (Boccaccio et al., 1998) , the p85 subunit of phosphatidyl-inositol 3 (PI3)-kinase (Graziani et al., 1991) , Shc (Pelicci et al., 1995) , Gab1 (Weidner et al., 1996) and SH2 containing inositol 5-phosphatase 1 (SHIP-1) (Stefan et al., 2001) .
On planar culture surfaces, subcon¯uent MDCK cells, normally form coherent islands of relativelȳ attened cells. HGF has been shown to alter this morphology by promoting the initial expansion of colonies followed by dispersion of the cells that make up these colonies, and an increase in their motility (cell scattering) in liquid cell culture medium (Stocker and Perryman, 1985) . Royal and Park (1996) reported that PI 3-kinase and Ras are required for cell scattering. In addition, SHIP-1 enhanced HGF-mediated branching tubulogenesis in collagen matrix (Stefan et al., 2001) . Both enzymes play a role in inositol phosphate and phosphatidylinositol phosphate metabolism. The substrate of PI 3-kinase is phosphatidylinositol 4,5-bisphosphate, while SHIP-1 displays 5-phosphatase activity speci®cally with both phosphatidylinositol 3,4,5-triphosphate and inositol 1,3,4,5-tetraphosphate as substrate. Recently, evidence has accumulated indicating that inositol and phosphatidylinositol polyphosphate play important roles in a variety of signal transduction systems, including membrane trac and actin cytoskeleton rearrangement. For example, phosphatidylinositol 4,5-bisphosphate binds to actin-binding proteins such as vinculin, a-actinin, pro®lin, and gelsolin, and promotes actin cytoskeleton formation (Sakisaka et al., 1997; Ma et al., 1998; Vollenweider et al., 1999) .
We have shown recently that SHIP-1 binds to one of the tyrosine residues at the multiple-substrate binding site, pY 1356 VNV, which is also the binding site for Grb2. Overexpression of SHIP-1 in MDCK cells drastically enhanced the branching potency of c-Met (Stefan et al., 2001) . In the present study, we further analysed the roles of SHIP-1 for dissociation and dispersion of MDCK cells. We show here that SHIP-1 phosphatase activity per se leads to the epithelialmesenchymal like conversion observed as partial loss of cortical actin, formation of actin stress ®bers and dissociation of adherens-junction. Furthermore, using a SHIP-1 mutant that lacks enzyme activity, we show that phosphatase activity is required for cell dispersion.
Results

Exogenous expression of SHIP-1 alters cell morphology of MDCK cells
We have shown previously that the SHIP-1 binds to the multifunctional docking site of c-Met and exogenously expressed SHIP-1 potentiates HGF-induced branching tubulogenesis (Stefan et al., 2001 ). Although we observed a SHIP-1 transcript in MDCK cells by Northern blot and RT ± PCR (data not shown), we noticed that the expression level of endogenous SHIP-1 is rather low. To gain further insight into the eects of SHIP-1 for HGF-mediated branching, we generated several cell lines expressing the MycHis-tagged SHIP at dierent levels.
As shown in Figure 1A , we utilized three dierent clones which expressed MycHis-tagged wild type SHIP-1 at dierent levels. Myc speci®c immunoblotting reveals that clone #50 expressed MycHis-tagged SHIP-1 about fourfold greater levels than clone #47 and about threefold greater than clone #41. Our attempt to compare the expression level of endogenous SHIP-1 and MycHis-tagged SHIP-1 was not successful. Since MDCK cells originated from dog, anity of available antibodies to endogenous dog SHIP-1 may not be a strong enough to perform this experiment. It is noteworthy that MDCK cells expressing MycHistagged SHIP-1 higher than clone #50 are not able to continue to grow for longer than 2 months, indicating high-expression of SHIP-1 is toxic for these cells. All transfectants and wild type MDCK cells expressed the c-Met receptor to the same extent ( Figure 1A) . These cell lines were tested functionally for their ability to respond with cell dissociation toward HGF. In agreement with previous data (Stefan et al., 2001) , clone #47 and clone #41 dissociated upon the addition of HGF. However, although clone #47 cells form cell clusters as compact as wild type MDCK cells, the surface of clusters of clone #47 cells were more irregular. Furthermore, we could not observed compact SHIP-1 expression leads to the appearance of actin stress fibers and phalloidin stained puncta at adherens-junction Cell dispersion involves the disruption of cellular adhesion complexes, reorganization of the actin cytoskeleton and formation of membrane extensions. To establish the nature of the cytoskeletal reorganization induced by the expression of SHIP-1, we have used immuno¯uorescence with TRITC-labeled phalloidin to detect polymerized actin. In clone #50, we observed the formation of actin stress ®bers in the absence of HGF. Strikingly, in clone #47, we found phalloidin stained puncta/®lopodia tips at adherens-junction and partially lost cortical actin. These puncta are very similar, if not identical, to the puncta that were observed at the adherent zipper of primary keratinocytes. These are ®lopodia packed with cytoskeleton that were largely composed of actin ®laments (Vasioukhin et al., 2000) . After stimulation with HGF for 10 h, cells started to dissociate and phalloidin staining puncta were observed in both clone #47 and clone #41 cell lines, but not in wild type MDCK cells (Figure 2 ). The core of the adherens junction is composed of cadherins, of which Ecadherin is the epithelial phenotype. E-cadherin speci®c immunostaining showed that E-cadherin was located at the site where cortical actin was observed in wild type, clone #41 and #47 cells (data not shown), suggesting that both clone #41 and #47 still formed an intermediate form of cell ± cell junction.
SHIP-overexpression led to sustained activation of MAP kinase upon addition of HGF
The breakdown of epithelial cell ± cell junctions in response to HGF requires PI 3-kinase and MEK (Royal and Park, 1996; Potempa and Ridley, 1998) . Since SHIP-1 forms a complex with Shc to activate the Ras/ MAP kinase pathway (see Review from Rohrschneider et al., 2000) , and also PI 3-kinase is highly activated in cells derived from SHIP-1 defect mice (Helgason et al., 1998) , SHIP-1 expression in MDCK cells may alter activation of Ras/MAP kinase-and/or PI 3-kinasepathways. To determine whether SHIP-1 expression exerts an in¯uence on the activation of these pathways, we tested the phosphorylation of MAP and Akt kinases. As shown in Figure 3 , after stimulation with HGF to wild type MDCK cells, MAP kinase was phosphorylated within 5 min, whereby the level of phosphorylation decreased. However, in both clone #41 and #50 mutant cells MAP kinase was constitutively phosphorylated at a high level for 60 min after stimulation with HGF. On the other hand, Akt kinase phosphorylation (Figure 3 ). Since Akt is not phosphorylated in the wild type and SHIP expressing cells in the absence of HGF, SHIP-1 mediated morphological alteration does not appear to be due to alteration of the Akt pathway. In addition, in the absence of HGF, MAP kinase also was not phosphorylated, suggesting that the observed actin-puncta are not the result of the activation of MAP kinase but inositol phophatase activity per se plays a role for the partial dissociation of cell ± cell contact. To further elucidate this point, we applied MAP/MEK kinase inhibitor, PD98059 in these cells. In agreement with previous data (Khoury et al., 2001) , the treatment with PD98059 partial reduced HGF mediated wild type and mutant MDCK cell-dispersion. However, observed alterations of actin distribution by the expression of SHIP-1 did not change signi®cantly in all tranfectants (Figure 4) , suggesting SHIP mediated changes in adherens-junction in clone #41 and #47 or actin stress ®ber formation in clone #50 are independent of MAP kinase activation.
Treatment with PI 3-kinase inhibitor LY294002 suppressed SHIP-1 mediated actin stress fiber formation It has been previously reported that SHIP-1 inhibits growth factor induced actin ®lament rearrangement in 3T3-L1 adipocytes via inhibition of PI 3-kinase (Vollenweider et al., 1999) . In addition, Khoury et al. (2001) reported that PI 3-kinase inhibitor, LY294002 block HGF-induced cell dispersion, suggesting that PI 3-kinase plays a key role in cell dispersion. To further elucidate these observations, we next examined the eect of PI 3-kinase inhibitor, LY294002 in a SHIP-1 expressing cell line. In agreement with previous data (Khoury et al., 2001) , LY294002 partially blocks HGFinduced cell dispersion ( Figure 5) . Interestingly, the treatment with LY294002 partially inhibited the SHIP-1 mediated phenotype in the absence of HGF, including the appearance of cell ± cell junctions and cortical actin, and the disappearance of actin stress ®ber in the clone #50 cell line ( Figure 5 ). These data suggest that the metabolism of phophatidylinositol phosphate plays a key role for actin cytoskeleton rearrangement followed by cell association and dissociation at cell ± cell junction.
Expression of a mutant SHIP-1 lacking catalytic activity in MDCK cells did not alter the adherens-junctions of MDCK cells and HGF-mediated MAP kinase phosphorylation, but suppressed HGF induced cell dispersion
We have shown previously that expression of a mutant SHIP-1, lacking catalytic activity by deletion of amino acid residues 666 to 680, in MDCK cells impaired HGFmediated branching tubulogenesis (Stefan et al., 2001 ). Since SHIP-1 binds to the multiple substrate binding site of c-Met, a mutant SHIP may block other signal cascades in addition to phosphatase mediated cascades. To determine whether MAP and Akt kinases are activated in these cells, we compared phosphorylation of MAP and Akt kinases in a mutant SHIP-1 expressing cell line together with vector transfected MDCK cells as control. As shown in Figure 6B , phosphorylation of MAP and Akt kinases was not impaired by the expression of mutant SHIP-1. Furthermore, expression of mutant SHIP-1 did not alter the pattern of cortical actin staining, and both mutant-expressing and control cells grew in compact mass in the absence of HGF ( Figure 6C ). Interestingly, upon the addition of HGF, the mutant expressing cells started to dissociate and the size of the individual cells was increased. However, most of the cells did not dissociate completely, while vector transfected control MDCK cells completely dissociated within 16 h. These data suggest again that the alteration of cortical actin by SHIP-1 is due to the enhanced phosphoinositide phosphatase activity. 
Discussion
The Met tyrosine kinase, is one of the most predominant modulators of epithelial-mesenchymal transition described to date, providing a regulation of epithelial cell dispersion. Little is known about the signaling pathways that regulate the dissociation and dispersion of epithelial cell sheets or colonies. We have recently identi®ed a novel signaling molecule, SHIP-1 that binds to Y1356 at the multifunctional docking site of c-Met and we showed that overexpression of SHIP drastically enhanced the tubulogenesis potency (Stefan et al., 2001) . Firstly, the present study implicates that exogenous expression of SHIP-1 at high levels leads to cell dispersion without HGF stimulation and is toxic for MDCK cells. Secondly, SHIP-1 expression in¯uences the formation of cell ± cell junctions and actin polymerization. Thirdly, HGF mediated MAP kinase activation was sustained via SHIP-1 over-expression. Fourthly, SHIP-1 mediated the alteration of cell ± cell junction was suppressed by PI 3-kinase inhibitor but not by MAP-kinase inhibitor. Fifthly, phosphatase enzyme activity is required for cell scattering.
We have reported previously that SHIP-1 expression enhanced the HGF-mediated branching tubulogenesis (Stefan et al., 2001) . However, the molecular mechanism of the potentiation of HGF mediated branching by SHIP-1 overexpression remained unclear. We show here that overexpression of SHIP-1 alters adherens-junction of MDCK cells. These cells are more or less dissociated from one another. When HGF was added to these cells, they were completely dissociated more rapidly than the wild type cells. SHIP-1 lacking enzyme activity suppressed HGFmediated dissociation. In addition, we have shown previously that this mutant expressing cell failed to form branching in the collagen matrix (Stefan et al., 2001) . Summarizing these observations, cell dispersion may be the ®rst step for branching tubulogenesis of epithelial cells and phosphatydilinositol phosphate metabolism is required for dissociation and dispersion. On the other hand, an epithelial cell abnormality in SHIP-1 gene defect mice has not been previously reported. These mice have a short life span with hematopoietic pertubations and die from consolidation of the lung (Helgason et al., 1998) . However, since SHIP-1 has at least four dierent spliced forms (see Review from Rohrschneider et al., 2000) , other spliced forms of SHIP-1 or other SHIP related proteins may complement one another to maintain the normal epithelial phenotype. SHIP plays a role in inositol phosphate and phosphatidylinositol phosphate metabolism (Erneux et al., 1998) . SHIP-1 displays 5-phosphatase activity speci®cally with both phosphatidylinositol 3,4,5-triphosphate and inositol 1,3,4,5-tetraphosphate as substrate. It has been reported that over-expression of PI 3-kinase causes MDCK-branching and scattering without HGF stimulation (Royal and Park, 1996) . Interestingly, treatment of SHIP-1 expressing cells with PI 3-kinase inhibitor suppressed SHIP-1 resulted in alterations to the cytoskeleton, suggesting PI 3-kinase activity or related kinase activity is a prerequisite for SHIP-1-induced-actin alteration. Here, we must take into account that PI 3-kinase plays a role in formation of the substrate of SHIP-1. Independently of SHIP-1, PI 3-kinase activates small G proteins such as Rho/Rac which involves cytoskeleton rearrangement. Furthermore, evidence is accumulating to indicate that inositol phosphates are the most important second messenger molecules in membranecytoskeleton signaling. Phosphatidylinositol 4,5-bisphosphate functions as a second messenger that regulates cytoskeleton-plasma membrane adhesion. (Roucher et al., 2000) . Phee et al. (2000) reported that enzymatic activity of SHIP is regulated by a plasma membrane localization and as a result, signi®cant reduction in the cellular phosphatidylinositol 3,4,5-triphosphate level was observed. Furthermore, it has been shown that there is a striking correlation between phosphatidylinositol 3,4-bisphosphate production and tyrosine phosphorylation of SHIP-1, as well as relocation of SHIP-1 to the cytoskeleton upon thrombin stimulation in human blood platelets (Giuriato et al., 1997) . Hence, phosphatidylinositol 3,4-bisphosphate may bind to pleckstrin homolog (PH) domains of still unde®ned enzymes which may promote re-localization to the membrane and provide enzyme access to new lipid substrates or regulatory kinases such as members of the protein kinase C family, PKCe, and PKCz (Rameh and Cantley, 1999) . In addition to the members of the PKC family, the serine/threonine kinase B, also known as Akt has been shown to bind phosphatidylinositol 3,4-bisphosphate. However, since Akt kinase activity is not altered via overexpression of SHIP-1, it is unlikely Akt kinase plays a key role in this alteration. Interestingly, in the platelet system, Hartwig et al. (1996) reported that phosphatidylinositol 3,4-bisphosphate inhibits actin ®lament severing and capping by human gelsolin in vitro, suggesting again that the product of SHIP-1 plays a role in cytoskeleton rearrangement which is important for morphogenesis.
Recently, both ampli®cation of PI 3-kinase and loss of function of a 3'lipid phosphatase PTEN have been shown in multiple human tumors (Kong et al., 1997; Li et al., 1997; Steck et al., 1997; Leslie et al., 2001) , demonstrating that the regulation of phosphatidylinositol 3,4,5-triphosphate at the cellular membrane may be critical for the control of multiple biological processes including tumorigenesis. Together, inositol phosphate and/or phosphatidylinositol phosphate metabolism play a key role in epithelial cell-dissociation, reassociation and tumor formation.
Materials and methods
Cell culture and DNA transfection MDCK cells were grown in Eagle's medium supplemented with non-essential amino acids and 10% FCS. HGF was from Sigma (Munich, Germany). MycHis-tagged wild type (Lioubin et al., 1996) and mutant SHIP-1 (Vollenweider et al., 1999) were generated using pcDNA3.1Myc-His (Invitrogen, Carlsbad, CA, USA) and transfected using Superfectreagent (Quiagen, Hilden, Germany).
Antibodies
Polyclonal antibodies against c-Met and SHIP-1 were from Upstate Biotechnology Incorporated (Lake Placid, NY, USA). Monoclonal antibody against Myc, rabbit IgG against SHIP-1 and His, goat IgG against SHIP were from Santa Cruz Biotechnology (Santa Cruz, USA). Anti E-cadherin mouse IgG was from Transduction Laboratories (Lexington, KY, USA), MAP and phospho-MAP kinase antibodies were from Promega (Madison, WI, USA) and Akt and phosphoAKT kinase antibodies were from Cell Signaling Technology (Beverly, MA, USA).
Immunoprecipitation, kinase assay and immunoblotting
Cells were extracted with lysis buer containing 50 mM TrisHCl, pH 7.5, 150 mM NaCl, 1% NP40, 0.1% SDS, 0.5% DOC, 1% Trasylol, 1 mM phenylmethylsulfonyl¯uoride and 1 mM sodium orthovanadate. Clari®ed lysate (5610 7 cells) Figure 6 Expression of a mutant SHIP-1 lacking catalytic activity in MDCK cells did not alter the adherens-junctions of MDCK cells and HGF-mediated MAP kinase phosphorylation, but suppressed HGF induced cell dispersion. MDCK cells transfected with pcDNA3.1MycHis (vector) and a MycHis-tagged mutant SHIP-1 lacking catalytic activity (SHIPD666-680). (A) Cell extracts from 5610 6 MDCK cells that had been transfected with the pcDNA3MycHis vector or MycHis-tagged SHIPD666-680 mutant were subjected to immunoprecipitation using anti Myc or SHIP antibodies. To demonstrate that c-Met activity is equivalent in wild type MDCK and transfectants, c-Met speci®c in vitro autophosphorylation assays were performed. (B) The same cell extracts were analysed by SDS ± PAGE followed by immunoblot using anti-phospho-MAP kinase (P-MAPK), MAP kinase (MAPK), phosphoAkt kinase (P-AKTK) or Akt kinase (AKT) antibodies. (C) Cells were stimulated with HGF (40 ng/ml) and were chemically ®xed 20 h after HGF treatment. Cells were visualized by Giemsa staining (a,b,e, and f) or were stained with TRITC-conjugated phalloidin (c,d,g and h) . Bars represent 50 mm was incubated for 16 h at 48C with anti-SHIP anti-His or anti-Myc antibody preabsorbed on Staphylococcus aureus Cowan I strain. After washing, materials were analysed by SDS ± PAGE, and by immunoblot analysis using the appropriate antibodies. Corresponding proteins were visualized by incubation with 125 I-labeled anti mouse or rabbit immunoglublin (Mancini et al., 1997) or HRP-conjugated immunoglobluin G (Santa Cruz) followed by applying with a BM Chemiluminescence detection kit (Roche Diagnostics, Mannheim, Germany). The kinase assay was performed as described previously (Mancini et al., 1997) .
For detection of MAP and Akt kinase phosphorylation, cells were incubated for 16 h with medium containing 0.02% FCS, and then MDCK cells were stimulated with HGF (60 ng/ml) for 5, 10 or 60 min. Cells were extracted with lysis buer. Clari®ed cell extracts were analysed by SDS ± PAGE, and by immunoblot analysis using the appropriate antibodies.
Immunofluorescence
The wild type and mutant MDCK cells were washed by PBS, cells were ®xed in 3.7% formaldehyde in PBS for 15 min at room temperature and washed twice in PBS. Fixed cells were treated for 10 min at room temperature with PBS containing 5% FCS and 0.2% Triton X-100. Corresponding antibody was then added to the cells for 15 min, after three washings, TRITC-conjugated goat anti-mouse IgG (Sigma, Munich Germany) was added for 15 min and the cells were washed three more times. For actin staining, cells were incubated with phalloidin-TRITC (Sigma) for 30 min.
